Rector RS, Warner SO, Liu Y, Hinton PS, Sun GY, Cox RH, Stump CS, Laughlin MH, Dellsperger KC, Thomas TR. Exercise and diet induced weight loss improves measures of oxidative stress and insulin sensitivity in adults with characteristics of the metabolic syndrome. Am J Physiol Endocrinol Metab 293: E500-E506, 2007. First published May 1, 2007; doi:10.1152/ajpendo.00116.2007.-Obesity and insulin resistance (IR) increase the risk for coronary heart disease; however, much of this risk is not attributable to traditional risk factors. We sought to determine whether weight loss associated with supervised aerobic exercise beneficially alters biomarkers of oxidative stress and whether these alterations are associated with improvements in measures of insulin resistance. Twenty-five sedentary and overweight to obese [body mass index (BMI) ϭ 33.0 Ϯ 0.8 kg/m 2 ] individuals, with characteristics of the metabolic syndrome, participated in a 4-to 7-mo weight loss program that consisted of energy restriction (reduced by ϳ500 kcal/day) and supervised aerobic exercise (5 days/wk, 45 min/day at 60% V O2 max; ϳ375 kcal/day). IR and insulin sensitivity were assessed by the calculation of the homeostasis model assessment (HOMA) and quantitative insulin sensitivity check index (QUICKI), respectively. Oxidative stress was assessed by oxidized LDL (oxLDL), myeloperoxidase (MPO), and low-and high-density lipoprotein (LDL and HDL) lipid hydroperoxide concentrations in serum. Indexes for antioxidative status included apolipoprotein A1 (apoA1) concentrations and paraoxonase-1 (PON1) activity and protein concentrations. Exercise-and diet-induced weight loss (ϳ10%) significantly (P Ͻ 0.05) increased insulin sensitivity and reduced IR, oxLDL, and LDL lipid hydroperoxides but did not alter HDL lipid hydroperoxides or MPO concentrations. Lifestyle modification impacted systemic antioxidative status by increasing apoA1 concentrations and reducing serum PON1 protein and activity. Changes in oxidative stress were not associated with alterations in HOMA or QUICKI. Diet-and exercise-induced weight loss (ϳ10%) improves measures of insulin sensitivity and beneficially alters biomarkers of oxidative status. insulin resistance; oxidized low-density lipoprotein; paraoxonase-1; energy restriction AMERICANS ARE EXPERIENCING a weight gain epidemic, and recent epidemiological studies suggest an increased risk of coronary heart disease (CHD) and type 2 diabetes in overweight and obese individuals. In addition, patients with type 2 diabetes, impaired glucose tolerance, and insulin resistance (IR) are at elevated risk for CHD (24). Despite elevated levels of hypertension, obesity, and dyslipidemia in these individuals, epidemiological studies suggest that traditional risk factors do not explain all of the elevated risk of CHD (24, 29) . This suggests that other underlying abnormalities are present and contributing to the etiology of the disease.
that other underlying abnormalities are present and contributing to the etiology of the disease.
One possible link between IR and CHD is reduced levels of high-density lipoproteins (HDL) and increased oxidative stress. Low HDL cholesterol (HDL-C) predicts future CHD risk and is associated with type 2 diabetes and IR (20) . Atherosclerosis is characterized by the accumulation of oxidatively modified low-density lipoprotein (LDL) (37) , and circulating oxidized LDL (oxLDL) is elevated in patients with CHD (17) and type 2 diabetes (7). Furthermore, oxidative stress accompanies IR, and oxLDL may contribute directly to impaired insulin action (27) .
In addition to facilitating reverse cholesterol transport (RCT), HDL and HDL-associated proteins apolipoprotein A1 (apoA1), lecithin-cholesterol acyltransferase, and paraoxonase-1 (PON1) possess antioxidant properties that prevent the oxidative modification of LDL (10) . However, HDL is known to be oxidized by the leukocyte-and phagocyte-derived enzyme myeloperoxidase (MPO), reducing RCT capacity and the antioxidative functions (28) .
It is well established that lack of physical activity is an independent predictor of CHD and type 2 diabetes and contributes to the progression of each disease. Lifestyle modifications targeted at increasing physical activity and reducing energy intake are recommended for optimal health (2, 23) . Despite this recommendation, few studies have examined the impact of exercise training-and diet-induced weight loss on measures of oxidative stress and associated changes in IR. In the current investigation, we sought to determine whether weight loss via aerobic training and energy restriction was effective in beneficially altering biomarkers of oxidative stress (oxLDL, MPO, and HDL and LDL lipid hydroperoxides) and proteins with antioxidative activity (apoA1 and PON1) and improving measures of IR in sedentary, overweight, and obese adults with characteristics of the metabolic syndrome. We hypothesized that the intervention would beneficially alter oxidative status and that improvements in oxidative stress would be associated with reductions in measures of IR.
METHODS

Subjects
Twenty-one females and nine males, aged 18 -50 yr, were recruited to participate in this study. Subjects were nonsmokers and weight stable (Ϯ3% current body weight for the previous 3 mo). The primary criteria for participation were an overweight to obese body mass index (BMI; 26 -43 kg/m 2 ) and a sedentary physical activity designation (Ͻ30 min/wk or 500 kcal/wk over the previous 4 mo). Subjects with diagnosed cardiovascular disease, diabetes, or disease symptoms that according to the American College of Sports Medicine (2) would limit exercise, were excluded. Additionally, subjects were excluded if they were taking weight-altering (including over-the-counter) medications. Subjects had at least two of five characteristics of the metabolic syndrome as defined by the American Heart Association/National Heart, Lung, and Blood Institute update of the National Cholesterol Education Program Adult Treatment Panel III report (15) : waist circumference of Ն102 cm in men and Ն88 cm in women; serum TG concentration Ն150 mg/dl; HDL-C concentration of Ͻ40 mg/dl in men and Ͻ50 mg/dl in women; blood pressure Ն130/85; fasting glucose Ն100 mg/dl. Before participation in the study, participants gave written informed consent, as approved by the Health Sciences Institutional Review Board of the University of Missouri-Columbia, in accordance with the ethical standards of the University of Missouri Institutional Review Board and with the Helsinki Declaration of 1975, as revised in 1983.
Study Design
The duration of the study was 4 -7 mo (mean ϭ 6 mo), during which subjects adhered to a moderate energy restriction diet, reduced by ϳ500 kcal/day, and participated in supervised moderate-intensity aerobic exercise training, which progressed to 45 min/day, 5 day/wk, 1,500 -2,000 kcal/wk, to induce 10% weight loss. Subjects weighed in once per week, and nutritional counseling was provided as needed to assist subjects with adherence to the modest energy restriction diet. Metabolic fitness and outcome measures were assessed at baseline and after weight loss.
Training Period
Exercise training consisted of brisk walking and/or slow jogging 5 days out of 7 days each week with occasional stationary cycling and elliptical exercise. The exercise training progressed to where at week 4, subjects were exercising 45 min/day, 5 days/wk, 60% V O2 max. The exercise intensity for each session was monitored using Polar heart rate monitors (Polar CIC, Port Washington, NY). At least three exercise sessions per week were supervised within the Exercise Physiology Laboratory, and unsupervised sessions were monitored with heart rate monitors as with the supervised sessions.
Maximal Aerobic Capacity
Each subject completed a V O2 max test on a treadmill at the beginning of the study and after weight loss to determine initial fitness and changes in fitness status, as well as to determine the appropriate exercise intensity for the submaximal training prescription. The baseline test was completed at University of Missouri Hospitals and Clinics in the Cardiology Diagnostic Laboratory and the post-weight loss test was completed in the Exercise Physiology Laboratory with the presence of a physician. The Bruce protocol was used for the V O2 max test, as previously described (2) . The speed and incline were increased in 3-min increments until volitional exhaustion. The highest V O2 value obtained was considered the subject's V O2 max.
Dietary Assessment
Baseline energy intake was assessed by 7-day food records and used for the energy intake prescription during the study. Before beginning participation, subjects were provided dietary education using references such as the U.S. Department of Agriculture Interactive Healthy Eating Index (4) to reduce energy intake by ϳ500 kcal/day. Subjects were encouraged to avoid excessive consumption of high-fat foods, reduce portion sizes, and to increase daily intake of complex carbohydrates, lean meats, dairy products, fruits, and vegetables. Subjects recorded a 7-day food record once per month throughout the duration of the study. The food records were examined by the study nutritionist and discussed throughout the entire study to assess dietary compliance, suggest modifications, and review progress toward goal weight. Subjects were asked to keep multivitamin usage constant during the intervention. Seven-day dietary food records, not including multivitamin supplements, were analyzed for total energy and macro/micronutrient content, including dietary antioxidants (vitamins A, C, and E) (Food Processor SQL, ESHA Research, Salem, OR) at baseline and after weight loss.
Blood Pressure and Body Composition
Systolic and diastolic pressure was measured using a standard aneroid sphygmomanometer. Body weight was measured to the nearest 0.05 kg and height to 0.1 cm, and used to calculate BMI (kg/m 2 ). Body density was calculated from three-site skinfold measurements (men: chest, abdomen, and thigh; women: triceps, thigh, and suprailiac) using equations of Jackson and Pollack and the Siri equation to convert body density to percent body fat (2) . Waist-to-hip ratio was determined by measuring waist circumference at the narrowest region between the costal margin and iliac crest and dividing by the hip circumference measured at its greatest gluteal protuberance.
Blood Collection and Preparation
Blood samples were collected following a 12-h fast and a 48-h no-exercise and dietary control period via a butterfly needle inserted into an antecubital forearm vein. All blood samples were collected into 10 ml EDTA, sodium heparin, or serum separator vacutainer tubes. All serum samples were allowed to clot, and then serum and plasma were separated by centrifugation at 4°C for 15 min at 2,000 g in a Marathon 21000R centrifuge (Fisher Scientific, Pittsburgh, PA). The separated serum and plasma were transferred to cryogenic vials and stored at Ϫ80°C until analyzed.
All subject samples were analyzed in duplicate and then averaged. In addition, each subject's samples from the two testing sessions were analyzed in the same run to eliminate interassay variation. If taking birth control, women were asked to continue constant usage during the entire investigation. To help control for variation associated with cyclic hormones, each female subject had blood collected during the follicular phase of the menstrual cycle.
Biochemical Measurements
Cholesterol, glucose, triglyceride, insulin, and HDL-C analyses. Fasting cholesterol and triglycerides were analyzed in plasma using colorimetric diagnostic kits (Thermo, Arlington, TX). Glucose concentrations were determined by an automated analyzer (pHOx Plus L, Nova Biomedical, Waltham, MA) using the glucose oxidase method. The intra-assay coefficients of variation (CV) for cholesterol, glucose, and triglycerides in our laboratory are 1.9%, 1.8%, and 1.7%, respectively. Fasting serum insulin was determined by a chemiluminscence technique (Immulite 1000, Diagnostic Products, Los Angeles, CA). The intra-assay CV for insulin was 4.2%. LDL-C was calculated by the Friedewald equation (13) .
Plasma HDL-C and subfractions were determined using a modified heparin-MnCl 2-dextran sulfate method, as previously described by our group (42) . HDL2-C was calculated by subtracting the value for HDL3-C from the HDL-C value. The intra-assay CVs are 1.0% and 2.0% for HDL-C and HDL3-C, respectively.
Insulin sensitivity. Surrogate markers of insulin sensitivity and IR were calculated using fasting insulin and glucose concentrations. Insulin resistance was assessed using the homeostasis model assessment (HOMA) on modeling of fasting insulin and glucose concentrations using the formula derived by Matthews et al. (26) . Insulin sensitivity also was calculated by the quantitative insulin sensitivity check index (QUICKI) (21) , as the authors suggest that QUICKI is a better correlate of the hyperinsulinemic-euglycemic clamp technique than other methods.
Insulin sensitivity also was assessed with a 3-h intravenous glucose tolerance test (IVGTT) as modified by Houmard et al. (18) from Bergman et al. (5) . Insulin sensitivity was calculated using the minimal model and computer program developed by Bergman et al. (5) . Because of technical difficulties, only 10 (7 females and 3 males) of the 25 participants had usable data in the IVGTT analyses.
HDL and LDL separation. HDL and LDL were isolated from plasma by single-spin density gradient ultracentrifugation, as previously described (9) . Briefly, samples were adjusted to a density of 1.30 g/ml by the addition of solid KBr (0.4946 g/ml plasma) and overlaid with normal saline (0.15 M NaCl-0.01% EDTA, pH 7.4). HDL was separated in the density range ϭ 1.063-1.256 kg/l, and LDL was separated in the density range ϭ 1.022-1.063 kg/l by ultracentrifugation for 150 min at 65,000 rpm (Sorvall Discovery 100SE ultracentrifuge and a T-890 rotor). HDL and LDL fractions were removed by disposable Pasteur glass pipettes, and aliquots were dialyzed at 4°C for 24 h against 10 mM PBS at pH 7.4 (11) . Lipoproteins were used within 24 h after isolation. The protein concentrations of LDL and HDL were determined by the method of Bradford (6) .
PON1 and ApoA1 concentrations. PON1 protein concentrations were determined in serum by a commercially available ELISA (WAK-Chemie Medical GmbH, Steinbach, Germany). Serum concentrations of apoA1 also were determined by a commercially available ELISA (Alerchek, Portland, ME). The average intra-assay CV for PON-1 and apoA1 was 7.0% and 6.0%, respectively.
PON1 activity. PON1 paraoxonase activity in serum and associated with HDL (100 g protein/ml) was determined by a highly sensitive fluorometric assay (excitation/emission maxima 360/450 nm) for the organophosphate activity of paraoxonase-1, based on the hydrolysis of a fluorogenic organophosphate analog (Molecular Probes, Eugene, OR). The structure of this analog is proprietary; thus, we are not able to discern its exact identity. However, Molecular Probes has custom synthesized novel fluorescent substrates with similar kinetic values to the current method with distinct specificity and sensitivity advantages over other substrates, such as phenylacetate (36) . The average intraassay CV for PON1 activity was 1.9%.
Systemic oxidative stress. Systemic levels of MPO and oxLDL were determined by commercially available ELISA (ALPCO Diagnostics, Salem, NH and Mercodia, Uppsala, Sweden, respectively). The Mercodia oxLDL ELISA uses the murine monoclonal antibody 4E6 for capture on the microtiter plate when apoB moieties have at least 60 lysine residues oxidatively modified. The average intra-assay CV for MPO and oxLDL were 4.9% and 4.7%, respectively.
In vitro HDL and LDL oxidation. The extent of lipid peroxidation of HDL and LDL was assessed as described previously (11, 19) . HDL and LDL were isolated from each subject at each testing session (as described in Training Period), and the levels of lipid hydroperoxides from before and after treatment were assessed by the ferrous oxidation xylenol orange assay (19) . Briefly, aliquots of HDL (200 g) or LDL (100 g) were resuspended in 10 mM PBS and incubated at 37°C for 30 min with ferrous oxidation xylenol orange reagent (Sigma; 100 M xylenol orange, 250 M Fe 2ϩ , 25 mM H2SO4, and 4 mM butylated hydroxytoluene in 90% methanol). After incubation, samples were centrifuged at 3,500 rpm for 15 min, and the supernatants, containing the lipid hydroperoxides, were used for the determination of the absorbance at 560 nm with a Beckman DU 530 spectrophotometer (Beckman Instruments, Fullerton, CA). Results were calculated as nanomoles of lipid hydroperoxides for 100 g protein for LDL (nmol/100 g) and 200 g of protein for HDL (nmol/200 g). t-Butyl-hydroperoxide solution was used as the standard. The average intra-assay CV was 7.0%.
Statistical analysis. The SPSS statistical package (SPSS/11.0, SPSS, Chicago, IL) was used for the calculations. Means were analyzed using one-way ANOVA with repeated measures. To assess associations among oxidative stress markers and measures of IR and sensitivity, Pearson correlations were performed. The threshold for significance was set at P Ͻ 0.05, and values are reported as means Ϯ SE.
RESULTS
Thirty subjects were recruited to participate in the current investigation; twenty-five (17 women and 8 men) completed both baseline and after weight loss testing and were included in the analyses. All of the subjects had at least two components of the metabolic syndrome, with ϳ40% of the participants having at least three components. Among the 25 subjects, compliance to the exercise intervention was more than 98% during the investigation.
Diet
All subjects decreased total energy, carbohydrate, protein, fat, and saturated fat intake from baseline to post-weight loss ( Table 1) . Percentage of total dietary energy from carbohydrate and protein was significantly increased, while percentage of energy derived from fat was significantly decreased from baseline to post-weight loss (data not shown). Intake of vitamin A and vitamin E remained unchanged during treatment; however, intake of vitamin C was significantly increased (Table 1) . all were significantly reduced following 6 mo of exercise training-and diet-induced weight loss ( Table 2 ). The intervention also significantly lowered resting heart rate and blood pressure.
Anthropometric and Physical Characteristics
Absolute and relative V O 2 max and energy expenditure during a 45-min submaximal exercise session for women were significantly less than values found in the men; however, the percent improvement with the exercise intervention did not differ from men (data not shown). The relatively low V O 2 max values in the current investigation speak to the sedentary nature of the study participants; nevertheless, baseline values and training responses (ϩ12%) were similar to previous reports in subjects with similar metabolic characteristics (22) .
Blood Lipoproteins
Six months of exercise training-and diet-induced weight loss resulted in significant reductions in TG and TC (Table 3) . HDL-C was not significantly altered by the intervention; however, HDL 2 -C was significantly increased and HDL 3 -C was significantly decreased following a 10% reduction in body weight (Table 3) . LDL-C was significantly reduced with exercise training-and diet-induced weight loss, whereas the exercise training and dietary intervention resulted in a significant increase in apoA1 concentrations (Table 3) .
Glucose Homeostasis
Sixty percent of subjects had baseline fasting insulin concentrations above 10.0 IU/ml (range 4.3-32.1 IU/ml) and HOMA values above 2.5 (range 1.0 -7.5). Insulin (12.3 Ϯ 1.3 vs. 10.3 Ϯ 1.2 IU/ml), glucose (93.7 Ϯ 2.1 vs. 85.5 Ϯ 2.5 mg/dl), and HOMA were significantly reduced (P Ͻ 0.001) from baseline to after weight loss (Table 3 ). In addition, insulin sensitivity assessed by QUICKI ( ; P Ͻ 0.05, n ϭ 10).
Measures of Oxidative Stress
Exercise training-and diet-induced weight loss resulted in significant reductions in circulating concentrations of oxLDL and LDL lipid hydroperoxides ( Fig. 1 ) but did not statistically reduce MPO or HDL lipid hydroperoxide concentrations (Table 3 ). Contrary to our hypothesis, PON1 activity per volume of serum was significantly reduced following the exercise training and weight loss intervention (Fig. 1) . In addition, the current treatment also significantly reduced circulating levels of serum PON1 protein levels (Fig. 1) . However, when controlling for the reductions in serum PON1 protein levels, serum PON1 activity (specific activity) was not altered with the current intervention (baseline ϭ 114.0 Ϯ 16.8; post-weight loss ϭ 120.1 Ϯ 19.3). Exercise training-and diet-induced weight loss also did not significantly (P Ͼ 0.05) alter the amount of PON1 activity (23.8 Ϯ 4.8 vs. 20.0 Ϯ 3.7 U/mg HDL) or PON1 protein concentrations associated with Values are means Ϯ SE. Significantly different from baseline (*P Ͻ 0.001; †P Ͻ 0.05). NC, no change. Fig. 1 . Effects of exercise training and weight loss on serum-oxidized LDL (oxLDL) concentrations, LDL lipid hydroperoxides, and serum paraoxonase-1 (PON1) protein concentrations and activity (means Ϯ SE). Significantly different from baseline (*P Ͻ 0.01; †P ϭ 0.02).
isolated HDL from baseline to post-weight loss (0.14 Ϯ 0.03 vs. 0.11 Ϯ 0.01 g/mg HDL). Changes in dietary antioxidants (vitamins A, C, and E) were not associated with observed changes in our measures of oxidative stress (data not shown).
Correlations
We report significant associations between baseline concentrations of oxLDL with baseline levels of HOMA (r ϭ 0.521, P ϭ 0.004), glucose (r ϭ 0.695, P Ͻ 0.001), insulin (r ϭ 0.421, P ϭ 0.018), and inversely with QUICKI (P ϭ Ϫ0.499, P ϭ 0.006), suggesting that circulating oxLDL may be contributing to disruption in glucose homeostasis. However, we found no significant correlations among baseline levels of PON1, apoA1, or LDL lipid hydroperoxides and our assessments of insulin sensitivity and resistance (data not shown). Changes in oxidative stress markers were not associated with changes in QUICKI or HOMA (data not shown). However, we do report a significant negative association between reductions in oxLDL and LDL lipid peroxides with improvements in S I by IVGTT (r ϭ Ϫ0.542, P ϭ 0.05 and r ϭ Ϫ0.683, P ϭ 0.015, respectively; Fig. 2 ).
DISCUSSION
Patients with type 2 diabetes, impaired glucose tolerance, and IR are at elevated risk for CHD (24) . Elevations in oxidative stress associated with obesity may represent a link between IR and CHD. Oxidative modification of LDL is an initiating event in the atherosclerotic process (37) , and during the initial stages of LDL oxidation, endogenous antioxidants are consumed and lipid hydroperoxides accumulate. These lipid hydroperoxides then are converted to reactive aldehydes, which interact with lysine residues of apoB100 and continue oxidative modification of LDL (37) . To our knowledge, we are the first group to demonstrate significant reductions in both early-stage (lipid hydroperoxides, Ϫ18%) and more complete oxidation (circulating oxLDL, Ϫ11%) of LDL in individuals with at least two components of the metabolic syndrome. Previous studies examining circulating oxLDL concentrations following exercise or weight loss interventions are mixed (39, 43) . The current findings suggest that the oxidative modification of LDL can be targeted at multiple stages and that interventions aimed at reducing physical inactivity and body weight are an effective means to reduce oxidative stress.
There is evidence to suggest that oxidative stress contributes to the insulin-resistant condition. Oxidative stress is known to attenuate glucose uptake in cultured myocytes (25) , and ox-LDL inhibits multiple steps in insulin signaling (27) . In addition, glucose and insulin responses to an oral glucose tolerance test correlate with conjugated diene levels (8) , and oxLDL is associated with S I in overweight and obese, nondiabetic men (16) . The current findings are in agreement with previous reports, as significant associations were found between baseline levels of oxLDL with HOMA and inversely with S I and QUICKI. In addition, our findings of improvements in measures of insulin sensitivity are consistent with previous exercise training interventions (18) . Although not a complete data set (n ϭ 10), observed improvements in S I (but not HOMA or QUICKI) were negatively associated with reductions in ox-LDL and LDL lipid hydroperoxides. S I by IVGTT mimics glucose handling during postprandial conditions when IR typically is manifest and may be a more sensitive indicator of the effects of oxidative stress on IR. Further, our results are consistent with the postulate that circulating levels of oxLDL may contribute to IR.
We also report significant increases in apoA1 concentrations following exercise and weight loss in individuals with components of the metabolic syndrome, confirming some aerobic training studies (38, 41) , but not all (33) . Although it has been demonstrated that apoA1 contributes to the antioxidative capacity of HDL (10), apoA1 did not correlate with markers of IR or oxidative stress in the current investigation. Low HDL-C concentrations predict CHD risk and are associated with IR (20) . Total HDL-C was not altered by our intervention, but we do report increases in HDL 2 -C and decreases in HDL 3 -C levels, suggesting cardioprotective effects, as the larger HDL 2b and HDL 2c offer the greater protection against CHD risk (12) . It has been suggested that oxidized HDL might prove useful as a clinical tool in humans (35) , and although not assessed, if apoA1 is more oxidized to prevent LDL oxidation, this may help explain the lack of reduction in HDL lipid hydroperoxides during the intervention. It is probable that elevations in apoA1 serve to facilitate prevention of oxidation of LDL and may help prevent the disruption of normal insulin signaling and atherosclerosis development. These possibilities deserve further investigation.
A potential source for disruption of HDL and apoA1 function is MPO. MPO generates hypochlorous acid, which oxidatively damages HDL and apoA1, impairing the antioxidative and RCT ability of each, and also increasing the conversion of LDL into oxLDL (28) . Results from short-term lifestyle modifications aimed at increasing physical activity and decreasing MPO concentrations are mixed (14, 30, 32) . A novel finding in the current investigation was that a longer-duration exercise program with more substantial weight loss did not alter MPO levels in sedentary, overweight, and obese adults with characteristics of the metabolic syndrome. The lack of diagnosed disease in the current study population may explain the discrepancy from previous reports, which included individuals with diabetes (32) and CHD (30) with MPO levels 3-7 times greater than the current report.
Another novel finding in the current investigation was that weight loss via exercise and energy restriction significantly reduced serum PON1 activity and protein concentrations. These findings were contrary to our original hypotheses, as it previously has been shown that PON1 hydrolyzes lipid hydroperoxides in oxidized lipoproteins (3) , and PON1 activity is reduced in obesity (11) and the metabolic syndrome (34) . Weight reduction (Ϫ20%) by gastric banding significantly increased PON1 activity (ϩ25%) in morbidly obese individuals (40); whereas, serum PON1 activity was not altered with exercise training interventions of 3 (31), 12 (30), or 16 wk (39). Furthermore, short-term lifestyle modification failed to alter serum PON1 protein concentrations determined by Western blot analysis (31), contrary to current findings of reduced serum PON1 protein concentrations quantified by ELISA.
Multiple substrates have been identified to describe the activity of PON1, with previous weight loss and exercise interventions using either paraoxon (31, 39, 40) or phenylacetate (30) . We chose two substrates to assess PON1 activity in the current investigation. With the use of phenylacetate, we found a nonsignificant reduction in serum PON1 activity (baseline ϭ 92.7 Ϯ 3.4 vs. post-weight loss ϭ 90.0 Ϯ 4.6 U/ml serum; data not shown), whereas with the novel fluorogenic organophosphate analog (Molecular Probes), we report significant reductions in serum PON1 activity (per ml serum).
It previously has been demonstrated that PON1 protein levels are normal or higher than normal in disease conditions (1), yet these populations exhibit reduced PON1 activity. Glycosylation or endogenous inhibitors may inactivate the protein, stimulating increased hepatic production. Weight loss, changes in dietary intake, or increasing physical activity could reduce these inhibitors, resulting in less need for hepatic synthesis. Changes in dietary antioxidant intake were not associated with changes in PON1 status; however, this hypothesis is supported by a significant association between reduced PON1 and reductions in body fat (r ϭ 0.460, P ϭ 0.01) and a negative association with reductions in visceral adipose tissue determined by computed tomography and changes in PON1 activity (data not shown). Furthermore, we found significant positive correlations between reductions in serum PON1 activity and reductions in IR as assessed by HOMA. Regardless of the mechanism, it does not appear that reductions in PON1 were detrimental, as increases in PON1 were not necessary for improvements in the oxidative status of LDL. Moreover, reductions in PON1 may be indicative of the improvement in the overall oxidative environment and in insulin action.
Weight loss in the current investigation was achieved via the combination of exercise training and energy restriction. It is recognized that weight loss is not as simple as energy intake and energy expenditure, and on the basis of calculations and dietary data obtained from the 7-day diet records, it appears that subjects were likely either underreporting or selectively reporting their energy intake during the weight loss intervention. Regardless of the reason for the discrepancy, the subjects lost the prescribed amount of weight.
In summary, we report that exercise training-and dietinduced weight loss cause significant reduction in biomarkers of oxidative stress, which may beneficially impact parameters of IR. Weight reduction by lifestyle modification is a means of reducing coprecipators of CHD and type 2 diabetes.
